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With   the   growing   public   concern   about   global  warming   and   reducing   one's   'Carbon  
Footprint', household energy consumption is an increasingly prevalent topic. Given a full set 
of  housing data,   carbon emissions  and energy consumption  can be calculated using  the 
BREDEM algorithm. This project was carried out in order to asses the suitability of Agent­
Based Modelling (ABM) as a technique by which to model  changes in the UK housing 
stock.   The   stock  was  modelled   as   a   population   of  marionette   agents   (agents  with   no 
autonomous control), whose behaviour was defined by global level variables based on user­




and   allowed   other   aspects   of  ABM  to   be   explored.   Several   demolition   scenarios  were 
experimented with, and it was found that the choice of demolition scenario could have a 































































































































































































Once   the   components   were   integrated,   the   second   objective   was   to   create   a   stock 
transformation method in order to make the ABM population behave in the user­specified 
way. In order to make sure this objective was carried out properly, the model was to be 
validated  using  back­casting,   a   technique  used  with   success  by  Natarajan  & Levermore 
(2007a).











models  of   the   scenario,   all  modelled  and   implemented  as  EBM.  This   then   leads   into  a 
discussion of ABM and the general advantages it offers over EBM, before a more specific 
look   is   taken   at   the   use   of  ABM   in   the   domain   of   energy   research.   Relevant  ABM 
verification   and   validation   techniques   are   discussed   to   provide   an   insight   as   to   how 









task  in   this  cycle  was  to create  interfaces  in  the existing DECarb code  to allow for  the 
integration of an ABM stock transformation method to be as smooth as possible. The high 






















explored.   Initially   demolition   was   a   process   which,   given   a   user­defined   number   of 
dwellings   to   be   demolished,   simply   demolished   that   number   of   the   oldest   category   of 








system,   and   also   feasible   to   model   with   the   existing   ABM.   This   framework   was 
implemented  by   localising   information  available   to  agents   and   assigning   them different 
behavioural traits. This change in environment signified the transition from a homogeneous 
population   of  marionette   agents   to   a   heterogeneous   population,   of  what  Gulyas   (2005) 
describes as,  bounded rational  agents.  Several  experiments were  then carried out  on this 















































1 Y Y X1%
2 Y N X2%
3 N Y X3%




method   (Natarajan   and  Levermore,   2007b).  Once   the   stock   has   been   transformed,   this 
information   is   fed   into  the BREDEM model  which  calculates   the  carbon emissions  and 




















because   “[it]   cannot   be   used   to   accurately   represent   current   dwelling   stock   since   the 































Dwelling Category A B % of dwellings
1 0 1 X1
2 1 1 X2
3 0 2 X3
Table 3: Design Distribution
Dwelling Category A B % of total dwellings
1 0 1 X1 – 3.33%
2 1 1 X2 + 3.33%
3 0 2 X3 – 3.33%















When   modelling   a   problem   domain   its   is   important   to   identify   the   individuals   and 







(2001)   defines   a   complex   system   as   a   many   subsystems   related   hierarchically,   these 















house.   The   argument   to  model   individuals   as   houses   unravels   rapidly   from   that   point 














was   prompted   by   the   increased   computing   power   of   personal   computers   and   whose 
popularity  has   increased  dramatically   in   the   last  decade  (Gulyas,  2005).  ABM involves 
modelling complex systems using individual actors called Agents. Although there is no one 














several   other   attributes   that   an   agent  may   exhibit   including   veracity,   benevolence,   and 
rationality.
The   social   capability   of   interacting   is   defined   as   “communicating,   coordinating   and 
negotiating with other agents  in  its  environment” (Wooldridge,  2002).  By modelling  the 
interactions between individual agents and their environment at a micro­level, ABM allows 
macro­social   behaviours   to   emerge   (Epstein,   1996).  Shah   and   Pritchett   (2004)   define 
emergence   as   “as   a   system   property   in  which   system   behaviours   at   a   higher   level   of 
abstraction are caused by behaviours at  a  lower  level  of  abstraction which could not  be 




will   be   shown,   the   fact   that   these   agents   are   heterogeneous   is   important   in  modelling 































technique   where   the   model   is   typically   a   set   of   equations   and   execution   consists   of 
evaluating them (Parunak et al., 1998).


























contains   two kinds  of   entities:   individuals   and  observables.  Observables  are  measurable 







patterns   suggesting   that   the   relationships   result   from   the   different   behaviours   of   the 
individuals, these behaviours have no explicit representation, on this point, ABM differs.
In ABM the modeller defines the behaviours through which individuals interact with each 
other.  As   the model   runs,  close  attention  is  paid  to   the  observables,  but   throughout   the 



























• Agents   can   have   inductive   knowledge.  ABM  recognises   that   people/agents   are 
intelligent and have very good inductive reasoning (but not such good deductive 
reasoning). 
• Traditional  models   are   able   to   capture  basic   interactions   between,   for   example, 











market  models.  ABM is not  a substitute,   it   is simply a different  kind of model” (Keay­
Bright, 2007). It is important that ABM is not seen as a way to optimize every existing EBM.
Although this workshop demonstrates that ABM is starting to be considered in the domain, it 












potential   applications   including   experimentation   and   the   development   of   theory”.   He 











and   its   dynamics   are   properly   understood   it   can   be   extended   to   encompass   the  whole 
problem, an approach also favoured by Gilbert (2004). 
Gilbert (2004) goes on to lay out a set of steps for modelling a multi­agent system. Inchiosa 
et   al.   (2002)   add   that   the  whole  modelling   process   should   be   treated   iteratively   until 
consistency is achieved. 
A research question











hierarchy.   Attributes   will   be   inherited   by   sub­classes,   and   can   vary   throughout   the 
simulation.
Specifying the environment in which the objects are located
Without   an   environment   an   agent   is   effectively   useless,   an   environment   defines   the 
properties of the world in which the agent functions (Odell et al., 2001). If the environment 
is a spatial one, each agent will always have a location within it, and will need an attribute to 
reflect   this.  The  environment  can  also  be   represented  as  a   ‘special  agent’  with   its  own 




































Barr   et   al.   (2005)   generalise   these   groups   into   two   categories,   habitual   energy   saving 


















It  has been shown that  home ownership is the most  important factor in explaining large 
investments  energy   saving  measures   (Black,  1985).  Dilman et  al.   (1983)  and  Sardianou 
(2007) believe that household income is a dominant predictor of energy use behaviours and 
they  found   that   people   on   lower   incomes  were  more   likely   to  make   changes   in   their 
behaviour to save energy, while those on higher incomes were more likely to invest money 









say   that   sex,  marital   status   and   education   cannot   be   used   as   factors   to   predict   energy 
consumption, and the number of rooms in and size of a dwelling do not seem to affect what 
kind of energy saving strategies are undertaken. 
Barr   et   al.   (2005)  define   four  different   types  of  energy  consumers  based  on  behaviour; 
Committed Environmentalists, Mainstream Environmentalists, Occasional Environmentalists 













































'wrong'   answer,   and   so  aspects   of   the   situation   can  be  modelled   correctly,  whilst  other 
aspects may require fine tuning, further demonstrating the need for iterative development. 
The   second   point   emphasises   that   focusing   on   the   core   components   of   the   system   is 
essential, they are the components that will have the greatest bearing on the outcome of the 
simulation and therefore should be tested more vigorously than other, less key, components.




















of   entities   in   the  model   to   determine   if   the   behavioural   logic   in   the  model   is   correct 















































“Simulation   toolkits   ease   the   burden   of   computational  modelling   by   offering   a   set   of 
building   blocks   and   standardized   solutions   to   frequently   occurring   tasks   and 
problems” (Gulyas, 2005). Keirstead (2005) and Parker (2001) both feel that frameworks 


















































RePast   is   a   software   framework   for   agent­based   simulation   created,   by  Social   Science 
Research  Computing   at   the  University   of  Chicago,   specifically   for  ABM  in   the   social 






two   of  RePast’s   design   goals  were   a   short   learning   curve,   and   an   acceptable   level   of 
performance when weighed against other benefits of the toolkit. The short learning curve is a 
plus point for RePast and although an acceptable level of performance does not sound so 




++ and Objective – C)  which are  often problems for   long  running simulations   (Collier, 
2002).  The   use   of   Java   does   require   the  modeller   to   have   some   experience   using   the 

































the   Java   API   there   is   a   library   providing   a   random   number   generator   which   is   an 




















sub­classing  any  new model   from an  existing  class,  SimModelImpl.  A similar   situation 






























































































features  was  a   requirement  created   in  order   to   increase   the  ease  of   the   implementation 
process   as  much   as   impossible.  Using  VCS  was  deemed  essential   not   only   in   case   of 
hardware failure, but also to provide access to past versions of code if changes had been 










The  two primary  goals  of   cycle  1  were   firstly   to  create  clear   interfaces   in   the  existing 































































A demolition sub­model  would allow for more experimentation as  to how demolition  is 
modelled.   The   DECarb   GUI   allows   the   user   to   specify   the   demolition   rate   (houses 








































































component  and  wait  until   the  end  of   the  project  before   integrating  with  DECarb,   early 
integration was specified as an important requirement. The rationale behind integrating first 












































group  of   households  built   in   a   certain  period  of   time,  more   formally   it   is   a   surjective 
mapping from the set of households to the set of age classes. The dwelling data used to 











































existing  DECarb  code,   although,  given more  time,   this  would not  have  been a  massive 


























































The  RePast  plugin  allowed  for  RePast   to  be   integrated  with  Eclipse  and   to   run  RePast 














































































































Total  households  refers   to all  households  in   the age class  –  even  those which were not 
represented in the ABM (i.e.   those for  which  less than 200 exist).  This ensures that   the 










































































































Window Insulation Binary Single­glazed, Double­glazed Both
Loft Insulation Binary Insulated, Uninsulated Both



















Modelling   the   heterogeneous   micro­behaviours   of   agents   is   an   effective   method   of 
discovering emergent behaviour in a society, but that is not the problem being explored. 
Given a scenario of  how energy­related  technologies will  be adopted,   the goal   is   to see 
which  proportion of the population adopt  these,  not  how many of the populations adopt 
these. For example, at this stage of the project, the emergent property of interest is not the 
fact   that   70% of   the   population  will   obtain  window   insulation,   but  which  70% of   the 
population obtains window insulation.
As such,   the  modelling  done  was not  carried out  with  what  Gulyas  classes  as  bounded 
rational agents, but actually with what he specifies as marionette agents.




each insulation at  every step.  Parunak et  al.  (1998) promote this   technique as a middle­
ground between ABM and EBM when talking about how the behavioural decisions of an 
agent can be determined by evaluating equations. Agents will have no local knowledge, or 
global   knowledge   for   that  matter,   they   are   just  marionettes   acting   as   they   have   been 























































The value I may now be used on every round, for any  Y i .
So to use the previous example:








I = 20.20.4−1 = −0.292
Y1=0.4  0.4 ⋅ −0.292 = 0.2832
Y2=0.2832  0.2832 ⋅ −0.292 = 0.2



























State 2000 2010 Change
A 0.25 0.1 ­0.15
B 0.25 0.2 ­0.05
C 0.25 0.3 +0.05







State A B C D
Currently A 0.4 0 0.2 0.4
Currently B 0 0.8 0.1666 0.3333
Currently C 0 0 1.0 0














































































the second­oldest  age class are demolished and so on.  It  was felt   that  this   is  an overly­









scenarios  may  be   explored   later   in   the  project's   life   cycle.  For   that   reason,   it   takes   as 
parameters either a list of agents to be demolished or a number of new agents to be built. The 
task  of   choosing  which  agents  are   to  demolished   is   carried  out   in   the  model,   allowing 
BuildingContractor   to   be   used   in   exactly   the   same   way   in   every   scenario.   The 
BuildingContractor  deals  with   two  main   tasks;   creating  new dwellings  and  demolishing 
dwellings.
Creating New Dwellings












dwelling  need   to  be  created,   i.e.  6  dwellings   to  have  double­glazing,  4   to  have   single­
glazing, and decrement these when one was created. The reason that this method was not 





does   not   actually   remove   any   agents   from   the  model.  All   of   the   agents   passed   to   the 
BuildingContractor have their attributes altered so that they appear to be new dwellings. This 








































was  to  see  whether   the  results  were  in   the  correct   range.  The aim of  validating against 
recorded historical data was to give an exact idea of the accuracy of the ABM­based system. 
The end goal of this phase of the project was to create confidence in the accuracy of the 










































of  the  two simulations,  the values comprising the results of  the simulations will  also be 
docked. Before looking at the macro details of the nation, it will be verified that each age 



















trend   suggests   that   the  ABM stock   transformation  model   behaves   in   a   similar   enough 










puts   this  down to a warmer  than usual  summer which  resulted  in  relatively  low energy 










stock   transformation   method   also   provides   promising   results   when   calculating   carbon 













































over  an EBM. Now that  a basic ABM has been established,   the  scope for what  can be 





























oversimplification of  the scenario,   in reality  there are many factors which would dictate 
which dwellings get demolished at any point in time. 
Bender (1979) says that a housing producer will demolish an existing dwelling as soon as the 
difference between its  net  present  value,  and  the net  value of a new dwelling,  becomes 




























real  situation,  although creating a  truly accurate metric  is  well  beyond the scope of  this 
project.


























amount   of   code   that   needed   to   be   changed   to   include   these   scenarios   was  minimal. 
Demolition scenario was added as a parameter,  and one method in the model had to be 























simple   case  of   removing   an  agent   from  the   start  of   the   list  when  one  was  needed   for 
demolition.
Rather than spending time implementing a sorting algorithm, the Agent class was instead 
altered   to   implement   the   Comparator   interface.   This   forces   the   implementation   of   a 




















this   sort   does   still   incur   computational   overheads,   but   it   uses   a  modified  merge   sort 






































































slightly.  Demolishing the oldest  dwellings results   in  the  lowest  carbon emissions,  whilst 
demolishing   those   dwellings  with   the   least   insulation   results   in   slightly   higher   energy 





































DS1 1662  1667 1658 1480 1485 1476 1344 1349 1340 1198 1203  1193
DS2 1671 1673 1667 1498 1501 1493 1371 1375 1367 1231 1234 1226
DS3 1669 1673 1664 1490 1491 1487 1362 1364 1360 1213 1215 1212
When measuring carbon emissions the results were in a similar vein. No carbon data could 
be found from UKDCM, so figures were solely measured against those of DECarb. The 















using   each   one   caused   noticeable   differences   in   the   total   carbon   emissions   and   energy 











applied.  This   section   explores   replacing   the  marionettes  with  what  Gulyas  describes   as 
bounded   rational   agents   (see   section   2.4.2).   On   Gulyas's   scale   of   where   different 





















Although  Van  Raaij   and  Verhallen   have   carried   out   extensive  work   on   energy­related 
behaviours,   their   focus   has   always   erred   towards   energy­saving   behaviours   rather   than 
purchase­related behaviours. As a result of this a purchase­related behavioural model needs 












purchase­,   usage­,   and   maintenance­Related.   Whilst   usage­   and   maintenance­related 







on   how   each   category   behaves.  But   these   categories   are   a   good   starting   point   for   an 
experimental model of energy­related behaviour.
8.2.2 Characteristics of the Home and Appliances












so further  empirical  analysis  would be required.  Household  insulation would need to be 
calculated as a combination of the different insulation characteristics, while attachment is 













































season   and  weather.   Currently   the   user   chooses   a   climate   profile  when   defining   their 



















have   window   insulation.   So   if   a   certain   proportion   of   households   in   a   household's 






















Low   Income   (<   25k 
guilder)
Mid   Income   (>   25k 
and < 50k guilder
High   Income   (>  50k 
guilder)
Early Adopters 20% 57% 23%














Changes  were  made   in  AgentFactory   in  order   to  assign  3/5  of   agents  with  an  attribute 
marking them as low­income band, and 1/5 each with mid­ and high­income bands. Each of 




































The experimental  hypothesis  was “A population of  households  more  influenced by  their  
neighbour's  decisions  will  have  a  higher  uptake of  window  insulation”.  The  experiment 
carried out was a simple parameter sweep on the range of values available defining how 
influential   a   household's   neighbours  are.  Setting   the  parameter   equal   to  0   results   in   all 
households being very influenced by their peers, with even the sight of a small fraction of 
neighbours with window insulation enough for a household to choose to adopt. A value of 10 




























housing   stock  may   react   to   the   introduction   of   new   energy­related   policies.  A   simple 
experiment   is   carried   out   here  where   a   hypothetical   government   scheme   is   introduced, 
promoting the uptake of window insulation.
Working with an experimental hypothesis of “The longer the length of a government scheme  
promoting   window   insulation   lasts,   the   higher   the   total   adoption   rate   will   be”,   the 
















households  in a high­income band will  adopt because  they have seen the success of  the 
scheme, but could afford to take their time. Low­income households may adopt if they can 














The   results   were   as   expected,   in   that,   the   larger   the   area   an   agent   considered   its 
neighbourhood, the higher the global uptake of window insulation, this is shown in figure 
35. The reason for this is that if every agent has a larger neighbourhood, there is a higher 
probability   that  ones  of   its   'neighbours'  will  adopt  window insulation.  The  results  again 
showed no visible difference between the uptake of window insulation observed in 1 and 2 
year  schemes.  The seems  to  back up  the  theory  that   this   the  similar   results  of   these  to 
variables was down to the early adoption threshold being set as 2. In order to test this, further 
experiments   carrying  out   a   parameter   sweep  on   the   early   adoption   threshold  would   be 
necessary.
8.6  Conclusion







































income­band  of   the  household,   energy­related  behaviour  of   neighbours   and  government 
policy, were chosen as constituent parts of a simple behavioural framework to use with the 
existing ABM. Implementing this framework created a population of heterogeneous agents, 
another  advantage offered over  EBM which  treats   the  population as  a  set  homogeneous 
entities.  A few simple experiments were carried out using this behavioural framework in 
order to show the possibilities offered by modelling in this way. First it was shown how 





The   suitability   of   ABM   for   the   transformation   of   the   UK   housing   stock   has   been 
demonstrated,   and   an   idea   of   how   energy­related   behaviours   could   be   used   has   been 
explored. An important aspect of using ABM has also been shown to be its flexibility, as 
seen by experimenting with demolition scenarios, a situation that would be very complex to 



















zero­carbon   by   2016   (Building   a   greener   future,   2006).   There   are   several   difference 
scenarios that the model could be used to explore. Firstly the effect on total carbon emissions 
and energy consumption could be modelled by introducing zero­carbon new dwellings at 

















An aspect  of  ABM not  at  all   touched on   in   this  project   is   the  social   ability  of   agents. 
Although in later experiments, agents are aware of their neighbours, and indeed take heed of 
their   actions,   there   is   no   notion   of   communication.   Van   Raaij   and   Verhallen   (1981) 
acknowledge that visible forms of energy conservation do have a greater effect,  but still 
stress   the   importance   that   dissemination   of   energy­related   information   through   a   social 
network can have. Their paper comments on the lack of research done on the role of social 




















of   human   decision  making   (e.g.  Anderson,   1990,   1993).  Vriend   (2000)   classifies   two 
different  modes   of  modelling   learning;   social   and   individual.   To   accurately  model   the 






























































their  accuracy,  the marionette implementation was not strikingly different  to the existing 
EBM. The method used is still very statistical and just a slightly different way of achieving 
the same goal.  On the other hand,  one important  aspect of  this  technique is that  it  does 
attempt to model every single household defined in the data for 1996, and therefore every 
simulation offers a hypothetical scenario as to exactly how the stock will behave. Although 
their  methods  may   be   similar,   the  marionette­based  ABM stock   transformation  method 
appears to be more credible than the EBM method. This is partly down to the fact that every 
household is represented as an object rather than a number in a matrix, meaning that the 
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Figure  41  gives  a  simpler  example as   to  why  the method did not  work.   Y2   =  0.3  as 
expected, but on the next step we are taking 0.25 of   Y2 , rather than 0.25 of   Y1 , which 
means not as many households change group as intended and  Y3  = 0.225 rather than 0.2.
This  left   two possible solutions.  At every step,   the fraction of agents  that  should obtain 
double­glazing could have been altered. For example  ∀Y i∃X s.t. X⋅Y i=Ui⋅Y1 and 













∀ i  1
Y i  Y1 therefore Y i⋅Ui  Y1⋅Ui













Y2 = 0.4−0.4∗0.25 = 0.3
Y3 = 0.3−0.3∗0.25 = 0.225




































1996 1990 1980 1970
Modelled 1985 1998 1654 1470
Actual 2014 1706 1668 1544
Difference ­1.44% 17.12% ­0.84% ­4.70%
The data for carbon emissions shows a similar pattern. No actual figures are available for 
this   period   by  Natarajan  &  Levermore   (2007a)   use   data   calculated   from   the  Domestic 









1996 1990 1980 1970
Modelled 38.4 43.6 43.97 52.17
DEFF 40.7 42.4 46.6 53.3
Difference ­5.65% 2.83% ­5.64% ­2.12%
111
